Low levels of adiponectin have been related to coronary heart disease, but adiponectin is higher in persons with type 1 diabetes who have an increased rate of coronary disease. In the Coronary Artery Calcification in Type 1 Diabetes Study (2000)(2001)(2002), the authors investigated potential determinants of elevated adiponectin levels in persons with type 1 diabetes and whether a difference exists compared with nondiabetic persons. Serum adiponectin was measured in 1,393 persons (sex: 48% male; age: 38 (standard deviation: 9) years; diabetes duration: 23 (standard deviation: 9) years; 54% nondiabetic and 46% with type 1 diabetes). Determinants of log-transformed adiponectin levels were evaluated by multiple linear regression analysis with interaction terms to determine whether predictors of adiponectin levels differed by diabetes status. Adiponectin levels were higher in type 1 diabetic than nondiabetic persons (13.5 (standard deviation: 1.0) vs. 8.8 (standard deviation: 1.0) lg/ml; p < 0.0001), adjusting for age, gender, body mass index, and glomerular filtration rate. The final regression model explained 67% of the difference in adiponectin levels between type 1 diabetic and nondiabetic persons. The variables explaining this difference included high density lipoprotein cholesterol, albumin excretion rate, plasminogen activator inhibitor-1, and hemoglobin A1c level. Adiponectin is higher in type 1 diabetic than nondiabetic persons. Although some of the difference can be explained, further study is needed to better understand the relation between elevated adiponectin levels and patient outcomes, including coronary heart disease. adiponectin; coronary disease; diabetes mellitus, type 1 Abbreviations: EGDR, estimated glucose disposal rate; GFRCG, glomerular filtration rate estimated by the Cockcroft-Gault formula; GFRMDRD, glomerular filtration rate estimated by the Modification of Diet in Renal Disease Equation; HDL, high density lipoprotein; PAI-1, plasminogen activator inhibitor-1.
have microvascular complications (13) (14) (15) . Adiponectin has also been associated with lipoprotein lipase activity (20) and inversely with plasma hepatic lipase activity (which may link adiponectin to HDL cholesterol) (21) . Given adiponectin's relation with obesity and insulin resistance as well as other cardiovascular risk factors, it has been proposed as a link in the adipose-vascular axis (22) and may play a role in the development of atherosclerosis (23) (24) (25) .
We have previously reported that low adiponectin levels predict progression of coronary artery calcification in a nested case-control study of young adults with and without type 1 diabetes (23) . This relation, however, was significantly stronger in the nondiabetic persons and demonstrated a nonlinear association in persons with type 1 diabetes. More specifically, the odds ratio for coronary artery calcification progression decreased in each increasing quartile of adiponectin for nondiabetic persons but not for persons with type 1 diabetes in the highest quartile of adiponectin, suggesting a difference in the effects of adiponectin on coronary artery calcification progression between nondiabetic persons and persons with type 1 diabetes.
The reasons for elevated adiponectin in persons with type 1 diabetes and the paradox between the known antiatherogenic effects of adiponectin and the premature mortality from coronary artery disease in type 1 as compared with nondiabetic persons are unclear. Hypotheses to explain elevated adiponectin levels in persons with type 1 diabetes include a compensatory response to vascular injury (13, 14) , decreased clearance due to renal insufficiency (26) , effects of subcutaneous insulin treatment (27) , and posttranslational modifications (glycosylation) (28, 29) that could differ in persons with type 1 diabetes. Previous investigations of determinants of adiponectin in type 1 diabetes have not included a nondiabetic control group. Therefore, the purpose of this investigation was 1) to confirm that adiponectin is higher in persons with type 1 diabetes than in nondiabetic persons in a large cohort and 2) to delineate the determinants of adiponectin (including renal function, obesity, and lipid-related measures) and whether a difference exists in the determinants of adiponectin levels between persons with type 1 diabetes and nondiabetic persons.
MATERIALS AND METHODS

Study participants
The data presented in this report were collected as part of the baseline examination of 1,416 participants in the Coronary Artery Calcification in Type 1 Diabetes (CACTI) Study who were 19-56 years of age and included 652 men and women with type 1 diabetes and 764 nondiabetic controls (30) . Patients with diabetes generally had been diagnosed when younger than 30 years of age and, among those who were 30 years or older at diagnosis, positive antibodies or a clinical course consistent with type 1 diabetes was present. All nondiabetic control subjects had never been diagnosed with diabetes including gestational diabetes and were generally spouses, friends, and neighbors of the cases (30) . Serum adiponectin was measured in 1,393 persons on baseline samples (635 with type 1 diabetes and 758 nondiabetic controls).
Participants completed the baseline examination between March 2000 and April 2002, and a more detailed description of the study and baseline characteristics of this cohort has been published (31) . Resting systolic blood pressure and fifth-phase diastolic blood pressure were measured three times while the participants were seated, and the second and the third measurements were averaged. Participants completed a standardized questionnaire including medical history and medication inventory as previously reported (31) .
After an overnight fast, blood was collected and centrifuged, and separated plasma was stored at ÿ70°C until assayed. Adiponectin was measured on stored samples in the Adult General Clinical Research Center core laboratory at the University of Colorado Health Sciences Center in Denver, Colorado, in duplicate, by use of a commercial radioimmunoassay procedure (Linco Research, Inc., St. Charles, Missouri). Stored samples from the participants' baseline study visit were diluted 1:500 prior to testing. Intraassay precision was 3.9 percent, and interassay precision is 8.5 percent. Results are reported in micrograms per milliliter, with a sensitivity cutoff of 1.0 lg/ml.
Total plasma cholesterol and triglyceride levels were measured by standard enzymatic methods, HDL cholesterol was separated with dextran sulfate, and low density lipoprotein cholesterol was calculated by the Friedewald formula. High performance liquid chromatography (Bio-Rad Laboratories, Inc., Hercules, California) was used to measure hemoglobin A1c. Plasma glucose was measured by use of the standard hexokinase method. Homocysteine was determined by the automated IMx procedure (Abbott Laboratories, Abbott Park, Illinois). C-reactive protein, plasminogen activator inhibitor-1 (PAI-1), and fibrinogen were measured in the laboratory of Dr. Russell Tracy at the University of Vermont (Burlington, Vermont). C-reactive protein was measured with a BN II nephelometer (Dade Behring, Deerfield, Illinois) utilizing a particle-enhanced immunonephelometric assay. PAI-1 was determined by a two-site enzyme-linked immunsorbent assay. Fibrinogen was measured in an automated clot-rate assay by use of a Star instrument (D-Star Instruments, Inc., Manassas, Virginia). Urinary albumin was measured by radioimmunoassay, and the albumin excretion rate was determined by radioimmunoassay, with the results of two timed overnight urine collections averaged.
We measured height and weight and calculated body mass index. Minimum waist and maximum hip measurements were obtained in duplicate, and the results were averaged. Intraabdominal fat and subcutaneous fat were assessed by an abdominal computed tomography scan at the L4-L5 levels. The total intraabdominal fat volume and subcutaneous fat volume in cubic centimeters were measured with AccuAnalyzer software from AccuImage (San Francisco, California).
Insulin resistance was approximated as the inverse of the estimated glucose disposal rate (EGDR), calculated according to the formula: EGDR ¼ 24.31 ÿ 12.22 3 (waist/hip ratio) ÿ 3.29 3 (hypertension) ÿ 0.568 3 (hemoglobin A1c). The equation was derived from hyperinsulinemic euglycemic clamps performed in 24 type 1 diabetic participants in the Pittsburgh Epidemiology of Diabetes Complications Study (32) . The glomerular filtration rate was estimated by both the Cockcroft-Gault formula (GFRCG) (33) and the Modification of Diet in Renal Disease Equation (GFRMDRD) (34) . Duration of diabetes was determined by patient self-report. Current and former smoking status was obtained by questionnaire.
Statistical analysis
Data are presented as arithmetic means and standard deviations for continuous variables (geometric means and ranges for log-transformed variables) and percentages for categorical variables (table 1) . Log adiponectin levels were compared between diabetic and nondiabetic persons, including adjustment for age, gender, measures of obesity (body mass index, waist/hip ratio, or computed tomography-measured visceral fat), and renal function (serum creatinine, albumin excretion rate, GFRCG, GFRMDRD), all reported determinants of adiponectin levels.
Correlation coefficients between log adiponectin and each of the covariates were calculated for all participants and then stratified by diabetes status. Fisher's z transformations were used to test for significant differences between correlation coefficients for type 1 versus nondiabetic participants in univariate analysis. Covariates with a correlation coefficient p value of less than 0.05 for all participants combined (table 2) were entered into a backward elimination linear regression model. Interaction terms between diabetes status and each of the covariates were added to this reduced model to investigate whether differences existed in the determinants of log adiponectin by diabetes status in multivariate analysis. Covariates associated with log adiponectin from stratified analyses on either diabetic or nondiabetic participants were then considered for entry into the model with their corresponding interaction terms to produce a final model. Variance inflation factors were calculated to assess the degree to which independent effects of the covariates could be estimated with a level of 10 as an a priori threshold for exclusion from the model selection process. (Waist circumference was the only variable excluded for this reason.) GFRCG and GFRMDRD were not considered in the initial models since they were highly correlated with the covariates used in their estimation. The relation between adiponectin and each of the glomerular filtration rate measures was thus estimated in a subsequent analysis, after removing gender, serum creatinine, waist/hip ratio, computed tomography visceral fat measurements, and albumin excretion rate from the model. Standardized ß coefficients for each covariate and their respective p values were calculated (table 3) . Determinants of log adiponectin were further investigated, stratifying by albuminuria status (yes/no) and glomerular filtration rate (<60 and <30 ml/minute per 1.73 m 2 ) (35) . Finally, to determine the percentage of the difference in adiponectin levels between diabetic and nondiabetic persons that could be explained by the variables included in our final model, we added these variables sequentially to assess the percentage of change in the parameter estimate for the difference in adiponectin levels between type 1 and nondiabetic persons (table 4) .
Human subjects
The study protocol was reviewed and approved by the Colorado Combined Institutional Review Board, and informed consent was obtained from all participants prior to enrollment.
RESULTS
Baseline characteristics of the 1,393 persons who had serum adiponectin measured were determined (table 1) . As expected, adiponectin levels and numerous covariates differed between the diabetic and nondiabetic persons, including potential determinants of adiponectin such as age, race, glycemia, waist/hip ratio, visceral fat, insulin resistance, blood pressure, lipids, C-reactive protein, PAI-1, renal-related measures, homocysteine, alcohol intake, and current smoking.
Adiponectin was higher in diabetic persons than nondiabetic persons adjusted for age, gender, and body mass index (geometric mean: 13.5 (standard deviation: 1.0) vs. 8.8 (standard deviation: 1.0) lg/ml; p < 0.0001). This relation did not change with further adjustment for serum creatinine, GFRCG, GFRMDRD, HDL cholesterol, waist/hip ratio, or computed tomography-measured visceral fat (data not shown).
Correlation coefficients between log adiponectin and covariates, stratified by diabetes status with a diabetes interaction term, were determined (table 2) . Of note, C-reactive protein and serum creatinine had significant correlations in both diabetic and nondiabetic persons, but in opposite directions. The strongest univariate predictors of log adiponectin were measurements of central adiposity (r ¼ -0.35 to ÿ0.42) and HDL cholesterol (r ¼ 0.41). The strength of the relation did not vary by diabetes status for several variables highly correlated with log adiponectin (gender, obesityrelated measurements, HDL cholesterol). Variables with significantly different correlation in diabetic versus nondiabetic persons included age, blood pressure, triglycerides, total cholesterol, C-reactive protein, PAI-1, fibrinogen, glycemia, insulin resistance, renal function, and race.
Correlates of log adiponectin levels were evaluated with multiple linear regression analysis with a backward elimination approach (table 3) . Interaction terms were included in the final model to determine whether predictors of adiponectin levels differed by diabetes status. In both type 1 and nondiabetic persons, gender (male) and central adiposity measures were inversely correlated with adiponectin, while HDL cholesterol and homocysteine were positively correlated with adiponectin levels. Serum creatinine (borderline) had an inverse relation to adiponectin in nondiabetic persons but was positive in type 1 persons. Daily insulin dose (as a proxy for insulin resistance) was inversely related to adiponectin in type 1 persons. Variables positively predictive only in diabetic persons included hemoglobin A1c, fibrinogen, and albumin excretion rate, with triglycerides inversely related. For nondiabetic persons, PAI-1 and non-Hispanic White race were significantly inversely associated with adiponectin. However, only fibrinogen and serum creatinine had a statistically significant difference in predicting adiponectin levels between diabetic and nondiabetic persons in this analysis. Next, the relation of renal function to adiponectin was further explored. Given that gender, renal function, and obesity-related measurements are part of glomerular filtration rate estimation equations, gender, serum creatinine, waist/hip ratio, and computed tomography visceral fat measurements were removed from the final model to determine whether the glomerular filtration rate (both GRFCG and GFRMDRD) was associated with log adiponectin. Likewise, given the high correlation between the albumin excretion rate and the glomerular filtration rate, the albumin excretion rate was also removed. GFRCG was a highly significant correlate of log adiponectin in diabetic persons (r ¼ ÿ0.17; p < 0.0001), and it was also significant in nondiabetic persons (r ¼ ÿ0.08; p ¼ 0.03). Likewise, a similar analysis was performed for GFRMDRD, which was significant for diabetic (r ¼ ÿ0.14; p ¼ 0.0001) but not for nondiabetic (r ¼ ÿ0.05; p ¼ 0.22) persons. Although few nondiabetic persons had impaired renal function resulting in decreased power to detect differences by these strata, no significant differences were found after stratifying by albuminuria status (yes/no) and by glomerular filtration rate (<60 and <30 ml/min per 1. Finally, adjustment for all of the variables in the final multiple linear regression model except for hemoglobin A1c explained 40.7 percent of the unadjusted difference in adiponectin levels between diabetic and nondiabetic persons (table 4). We first compared adiponectin levels adjusted for age and sex and then sequentially added variables from our final model in order of the percentage of the difference explained. HDL cholesterol (15.1 percent), albumin excretion rate (9.3 percent), PAI-1 (9.0 percent), and race (6.4 percent) explained 39.8 percent of the difference in adiponectin in addition to age and sex. The additional variables in our final model explained only an additional 0.9 percent of the difference. Finally, as there is little overlap in hemoglobin A1c levels between the two groups, hemoglobin A1c was added to the final model and explained a further 26.3 percent of the difference; together, these variables explained a total of 67 percent of the difference.
DISCUSSION
Our data confirm previous reports that adiponectin is higher in persons with type 1 diabetes than in nondiabetic persons, even after controlling for renal function, obesityrelated measurements, and HDL cholesterol. The main new finding reported is that we explain 67 percent of the difference in cross-sectional adiponectin levels between type 1 diabetic and nondiabetic persons. Although elevated adiponectin has been previously reported in type 1 diabetes (10-16), this is the largest type 1 diabetes cohort to date and has an appropriate nondiabetic control group. We confirm univariate correlations between adiponectin and gender, obesity-related measures, and renal function in both type 1 diabetic and nondiabetic persons. We then systematically analyzed whether various covariates explain the difference in adiponectin levels between type 1 and nondiabetic persons. Variables in our final multiple linear regression model explained 41 percent of the difference in adiponectin between type 1 and nondiabetic persons. The addition of hemoglobin A1c increased the percentage of difference in adiponectin explained by the model to 67 percent.
Previous publications of cross-sectional data have reported increased adiponectin levels in type 1 persons with nephropathy (16) . In cross-sectional data, increases in adiponectin as a response to vascular insults in persons with type 1 diabetes have been suggested (13) (14) (15) (16) . Although one study had an external control group, differences in adiponectin by diabetes status beyond simple correlation coefficients were not examined (15) . In another, the control group confirmed that adiponectin is higher in persons with type 1 diabetes, although further analysis to explore the etiologies of the differences was not performed (14) . The one paper that explored the mechanism for increased adiponectin levels in persons with type 1 diabetes did not have a control group to elucidate differences by diabetes status (13) . Therefore, our results extend previous studies by using statistical modeling to explain the differences in cross-sectional determinants of adiponectin in a large cohort of persons with type 1 diabetes and nondiabetic controls.
A key determinant of adiponectin levels is intraabdominal fat (9), and differences in fat distribution and function between diabetic and nondiabetic persons could be a potential explanation of the difference in adiponectin levels. It has been hypothesized that visceral fat contributes preferentially to circulating adiponectin levels and that expanded visceral adipose tissue containing large adipocytes produces less adiponectin, resulting in lower adiponectin levels in persons with greater visceral adiposity (27) . Although visceral fat was decreased in type 1 as compared with nondiabetic persons, its contribution to explaining the difference in adiponectin levels was statistically significant in our final model, but of limited magnitude.
Exogenous insulin delivery in persons with type 1 diabetes could play a role in elevated adiponectin levels, but our data did not support this. Of note, in rats with chronic poorly controlled or untreated insulin-deficient diabetes, plasma adiponectin levels are lower than in controls and increased with insulin treatment or insulin gene therapy (36) . In contrast, a nonstatistically significant decrease in plasma adiponectin following a hyperinsulinemic clamp has been reported (including persons with type 1 diabetes) (11) , and insulin dose was inversely related to adiponectin in our data. It is possible that the chronic insulin treatment of type 1 diabetes resulting in prolonged elevations of peripheral insulin concentrations induces a degree of adipose hyperplasia with more small adipocytes that produce greater amounts of adiponectin. The effect of insulin treatment on adiponectin in persons with type 1 diabetes requires further study.
Decreased elimination of adiponectin due to impaired renal function may also explain increased adiponectin levels in persons with type 1 diabetes. Adiponectin levels in endstage renal disease patients with type 1 diabetes are increased compared with those with type 2 diabetes or no diabetes (12) , and adiponectin levels decrease following successful kidney transplantation (37) . Our data support the importance of renal function to adiponectin levels and a curious difference in serum creatinine's relation to adiponectin between persons with type 1 diabetes and nondiabetic persons. In our data, serum creatinine levels have less variability in nondiabetic persons than in those with type 1 diabetes, yet the opposite relation by diabetes status found in these data requires further study. Although this would support the hypothesis that adiponectin increases in response to microvascular insults in persons with type 1 diabetes, the inverse relation in nondiabetic persons is less clear. Mechanistic explanations regarding how adipose tissue is signaled by vascular disease and thereby increases adiponectin production are needed.
As renal function has been proposed as an important determinant of adiponectin levels, its accurate assessment is of great importance, and estimating glomerular filtration rate and its limitations have been recently reviewed (35) . Therefore, we utilized both the Cockcroft-Gault and Modification of Diet in Renal Disease equations to estimate glomerular filtration rate, as well as serum creatinine and urinary albumin excretion to estimate renal function. The estimated glomerular filtration rate by both equations had a similar inverse relation to adiponectin levels (Web figures 1-4) . The relation of adiponectin to GFRCG could be biased (as body weight is included in the GFRCG equation); in our data, the albumin excretion rate explained 9.3 percent of the difference in adiponectin levels between diabetic and nondiabetic persons.
Adiponectin has also been shown to be highly correlated with triglycerides and HDL cholesterol (9) , and mechanistically an association with lipoprotein lipase (20) and an inverse relation with hepatic lipase activity (21) have been described. In our cross-sectional data, HDL cholesterol was the strongest correlate of adiponectin and explained 15.1 percent of the difference in adiponectin levels between persons with type 1 diabetes and nondiabetic persons. This may reflect a common role of these two lipases on HDL cholesterol metabolism and adiponectin or a common etiologic factor influencing both HDL cholesterol and adiponectin. Adiponectin is known to have a beneficial effect on intravascular inflammatory insults (22) ; however, adiponectin's relation to markers of inflammation (C-reactive protein) and thrombotic markers (PAI-1, fibrinogen) varied in these data. PAI-1 levels were higher in nondiabetic than in diabetic persons and explained 9.0 percent of the difference in adiponectin levels. PAI-1 has been shown to be inversely related to serum adiponectin in overweight and obese women (38) . Racial and ethnic differences in adiponectin have been reported (39) . Race entered our final model and explained an additional 6.4 percent of the difference in adiponectin, since our diabetic cohort has fewer persons who are not nonHispanic White than our nondiabetic cohort.
Adiponectin is inversely correlated with insulin resistance (3, 9), although determination of insulin resistance in type 1 diabetes is challenging. For a large epidemiologic study, the daily insulin dose and the EGDR (32) remain the only established markers of insulin resistance. The daily insulin dose (in units/kilogram) in diabetic persons was inversely associated with adiponectin levels, but 1/EGDR was not. Medications have also been reported to affect adiponectin levels (40) . Angiotensin-converting enzyme/angiotensin receptor blocker use was correlated with adiponectin in our univariate (but not multivariate) analysis, and no persons were taking peroxisome proliferator-activated receptor gamma agonists.
The effect of hemoglobin A1c on adiponectin levels differed univariately by diabetes status. In multivariate analysis, hemoglobin A1c was not significant in nondiabetic persons when controlling for obesity-related measures, but hemoglobin A1c was significant in persons with type 1 diabetes adjusting for the same variables. As there is little overlap in hemoglobin A1c between persons with type 1 diabetes and nondiabetic persons, interpretation of this interaction requires caution. Nevertheless, further adjustments for hemoglobin A1c to our final model explained an additional 26 percent of the difference in adiponectin between persons with type 1 diabetes and nondiabetic persons. While elevation of total adiponectin in type 1 diabetes might be due to differential effects on adiponectin multimers, posttranslational modifications of adiponectin (such as glycosylation) may be altered in type 1 diabetes and could potentially affect adiponectin's activity (such as its antiinflammatory, cardioprotective qualities). Exposure of differentiated adipocytes to high glucose (15 mmol) led to an altered posttranslational modification of secreted adiponectin (28) , and interference with normal adiponectin hydroxylation/glycosylation in adiponectin-null mice decreases its ability to stimulate phosphorylation of adenosine monophosphate-activated protein kinase in liver tissue (29) . Increased adiponectin in persons with type 1 diabetes could be a compensatory mechanism to reduce hepatic glucose output in the hyperglycemic milieu of type 1 diabetes. Due to collinearity, further study is needed to clarify whether the effect of hemoglobin A1c is that of hyperglycemia or whether hemoglobin A1c is simply acting as a marker of type 1 diabetes and other pathophysiologic mechanisms.
Although this is the largest type 1 diabetes cohort reported on for adiponectin levels, some limitations should be mentioned. These data are cross-sectional, and therefore cause and effect cannot be definitely determined. We do not currently have data on other important potential determinants of adiponectin levels, such as vascular cell adhesion molecule-1 and tumor necrosis factor-alpha (13), or genetic data on various haplotypes that have been shown to be related to adiponectin levels. Furthermore, controversy exists regarding which isoform of adiponectin is the biologically active form of the protein (41, 42) and, at the time this study was initiated, no commercially available assays to measure isoforms had been validated in persons with type 1 diabetes. It is possible that high-molecular-weight isoforms may be more metabolically relevant and different in type 1 diabetes.
In conclusion, we report that adiponectin is elevated in persons with type 1 diabetes compared with nondiabetic persons and that 41 percent of this difference is explained by the variables in our final model, with the addition of hemoglobin A1c to the final model explaining a cumulative 67 percent of the difference. Further studies including longitudinal data are needed to better understand the role of adiponectin in persons with type 1 diabetes and its relation to patient outcomes. grant P30 DK57516. The study was performed at the Adult General Clinical Research Center at the University of Colorado at Denver and the Health Sciences Center supported by grant M01 RR00051 from the National Institutes of Health, at the Barbara Davis Center for Childhood Diabetes, and at the Colorado Heart Imaging Center in Denver, Colorado.
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